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Insights into Multistep Phosphorelay
from the Crystal Structure of the C-Terminal
HPt Domain of ArcB
Masato Kato,* Takeshi Mizuno,† Despite common phosphotransfer mechanisms, the
His-Asp phosphorelays for different signaling pathwaysToshiyuki Shimizu,* and Toshio Hakoshima*
*Department of Molecular Biology display diversity in the arrangement of domains that
promote phosphotransfer reactions (Swanson et al.,Nara Institute of Science and Technology
8916–5 Takayama 1994). One circuitry motif that exemplifies this versatility
is a multistep phosphorelay proposed for ArcB that con-Ikoma, Nara 630–01
Japan tains an HPt domain at the C-terminus, in addition to
receptor, HPK, and receiver domains (Figure 1). ArcB†School of Agricultural Science
Nagoya University has three phosphorylation sites, namely His-717 as an
atypical phosphodonor site in the C-terminal HPt do-Chikusa-ku, Nagoya 464–01
Japan main, together with His-292 and Asp-576 as typical
phosphodonor and phosphoacceptor sites, respectively
(Ishige et al., 1994; Tsuzuki et al., 1995). Similar arrange-
ments of domains have been found in a class of bacterialSummary
sensor kinases, includingEvgS and BarA of E. coli, LemA
of Pseudomonas syringar, ApdA of Pseudomonas fluo-The histidine-containing phosphotransfer (HPt) do-
rescens, RepA of Pseudomonas viridiflava, RpfC of Xan-main is a novel protein module with an active histidine
thomonas campestris, and RteA of Bacteroides thetaio-residue that mediates phosphotransfer reactions in
taomicron, as well as BvgS (Ishige et al., 1994; Uhl andthe two-component signaling systems. A multistep
Miller, 1996), which are hereafter referred to as the hy-phosphorelay involving the HPt domain has been sug-
brid HPt kinases. Furthermore, some His-Asp phos-gested for these signaling pathways. The crystal struc-
phorelay proteins of unique configuration (Appleby etture of the HPt domain of the anaerobic sensor kinase
al., 1996; Posas et al., 1996) implicate possible domainArcB has been determined at 2.06 A˚ resolution. The
combinations that might participate in potentially ho-domain consists of six a helices containing a four-helix
mologous phosphorelays. The yeastosmosensor kinasebundle-folding. The pattern of sequence similarity of
Sln1p contains the receptor, HPK,and receiver domains.the HPt domains of ArcB and components in other
A small component Ypd1p consists of 167 residues andsignaling systems can be interpreted in light of the
seems to have an HPt domain alone. In the complementthree-dimensional structure and supports the conclu-
chromatic adaptation system of a cyanobacterium, thesion that the HPt domains have a common structural
sensor kinase RcaE contains the receptor and HPK do-motif both in prokaryotes and eukaryotes.
mains, and the response regulator RcaC includes a pos-
sible HPt domain with two receiver domains at bothIntroduction
termini (Appleby et al., 1996). The chemotaxis sensor
kinase CheA lacks the H motif and the active histidineSensor kinase and response regulator proteins consti-
residue of the HPK domain. Instead, it has an alternativetute the building blocks of the so-called “two-compo-
transmitter domain at the N-terminus, which consistsnent” signaling systems, or His-Asp phosphorelays (In-
of phosphotransfer (P1) and response-regulator CheY-ouye, 1996), that are widespread in bacteria (Hoch and
binding (P2) subdomains. The P1 domain is a possibleSilhavy, 1995) and are now being found in yeast
candidate for an HPt domain.osmoregulation (Brown et al., 1993; Ota and Varshavsky,
A C-terminal fragment of ArcB, containing the HPt1993), fungi hyphal development (Alex et al., 1996), and
domain consisting of 125 amino acid residues, functionsplant ethylene-response (Chang et al., 1993; Hua et al.,
as a transmitter with the active residue being His-7171995) systems. The phosphotransfer reactions within
(Ishige et al., 1994; Tsuzuki et al., 1995). We have deter-and/or between the proteins are promoted by character-
mined the three-dimensional structure of the HPt do-istic transmitter and receiver domains. The typical trans-
main of ArcB at 2.06 A˚ resolution. It reveals a structure–mitter domain has autophosphorylation activity and is
function relationship of the HPt domain and supportsalso called a histidine protein kinase (HPK) domain. In
the conclusion that this module has a common structuraladdition to these domains, a new protein module that
motif and active site both in prokaryotes and eukaryotes.participates in the His-Asp phosphorelays has recently
been identified insignaling proteins, including theanaer-
obic sensor kinase ArcB of Escherichia coli (Ishige et Results and Discussion
al., 1994; Tsuzuki et al., 1995) and the virulent sensor
kinase BvgS of Bordetella pertussis (Uhl and Miller, Overall Structure of the Kidney-Shaped
HPt Domain1996). Furthermore, it has also been found in yeast
Ypd1p in the osmosensing system (Posas et al., 1996). The HPt domain of ArcB has an all-a structure, con-
sisting of six helices, and 83% of its residues are locatedThis small module, which is approximately 120 residues,
contains an active histidine residue that mediates on a helices (Figures 2 and 3). The domain is kidney-
shaped, with its dimensions 30 A˚ by 30 A˚ by 45 A˚. Aphosphotransfer (hence, HPt domain) and is character-
istic of a family of signaling proteins with similar archi- pair of long antiparallel helices, designated C and F,
have pronounced kinks that serve to maximize thetecture and, perhaps, phosphorelay patterns.
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hydrogen bonds are also formed by a pair of tightly
bound water molecules that are linked by hydrogen
bonds to each other and that form a bridge between
Lys-758 and Arg-762 and between Glu-759 and His-763.
This kink in helix F allows hydrophobic interactions with
helix C throughout the long helical stretch. Thus, the
compact core is predominantly composed of hydro-
phobic residues contributed by the five a helices B
through F.
Short helices D and E form a four-helix bundle with
parts of helices C and F. The bundle is arranged in
an up-down-up-down topology with left-handed twist.
Using similarity scores based on contact patterns in the
distance matrices with the program DALI (Holm and
Sander, 1993), we compared the three-dimensional
structure with those in the database (725 protein chains)
of DALI. We found that cytochrome b562, a typical four-
helix bundle protein with the same topology as the HPt
domain, gave the best result, with rms deviations of
Figure 1. HPt Domains in Signaling Proteins
2.8 A˚ for 81 Ca carbon atoms of equivalent residues.
Schematic diagram of the arrangement of domains of sensor kinase The other short helix, B, sits on the remaining part of
and response regulator proteins that contain the HPt domain or its
helices C and F and makes extensive contacts with thepossible candidate in (A) E. coli anaerobic control system, (B) S.
loop between helices D and E. The N-terminal shortestcerevisiae osmosensor system, (C) F. diplosiphon chromatic adap-
tation system, and (D) E. coli chemotaxis system. helix A protrudes into the solvent region.
All of the receiver domains identified to date are be-
lieved to fold into the same globular (a/b)5 fold (Volz,
closely packed core that is formed upon addition of 1993) as that of CheY (Stock et al., 1989, 1993; Volz and
helices B, D, and E to these antiparallel helices. The kink Matsushima, 1991; Bellsolell et al., 1994). This view has
in helix C is caused by Pro-694, which causes disruption been recently confirmed by the crystal structure of the
of the normal hydrogen bonding pattern of an a helix. nitrate-signaling response regulator NarL from E. coli
Alternative hydrogen bonds are formed by a tightly (Baikalov et al., 1996) and NMR structures of the Bacillus
bound water molecule, which allows formation of hydro- subtilis sporulation response regulatory Spo0F (Feher
gen bonds that make a bridge between the main chains et al., 1995) and the nitrogen response regulatory NtrC
(Volkman et al., 1995). Preliminary analysis indicatedof Lys-691 and Gly-695. For thekink in helix F, alternative
Figure 2. Secondary-Structure and Sequence Alignment of HPt Domains
Secondary-structure assignment and amino acid sequence of the HPt domain of ArcB, together with an alignment of sequences of the HPt
domains of hybrid HPt kinases. Possible HPt domains of Ypd1p and RcaC, the P1 domains of CheA and FrzE, and the HPK domain of ArcB
are also aligned. Six a helices of the HPt domain of ArcB are shown as bars labeled A through F. The N- and C-terminal residues not included
in the current model are indicated by wavy lines. Identical or similar residues are shaded in gray. Nearly invariant or invariant residues among
all domains are boxed with heavy lines. Nearly invariant or invariant residues among the hybrid HPt kinases are boxed with light lines.
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It seems likely that Gln-739, which is replaced by a
glutamate residue in most of the HPt domains, plays a
crucial role in the activity. One possibility is that the
direct hydrogen bond to the imidazole Nd nitrogen atom
of His-717 allows Gln-739 to orient the imidazole ring
so as to expose another imidazole nitrogen atom, Ne,
to the solvent. In this geometry, the phosphorylation
should occur at the Ne nitrogen atom, which is hydro-
gen-bonded to a water molecule in the solvent region
in the crystal (Figure 4). It is noteworthy that a similar
pair of conserved residues at the active site has been
found in protein phosphatase-1, where a histidine is
paired with aspartate, perhaps to align the potential
attacking nucleophile, the Ne nitrogen atom, in the direc-
tion of the proposed phosphoryl group of the substrate
(Goldberg et al., 1995).
The highly conserved residue Gly-721, which is lo-
cated on the adjacent ridge of helix D with His-717,
seems to carve out an empty space for the histidine
residue so as to expose the imidazole ring to the solvent
region (Figure 4). The other residue adjacent to His-717
on the helix ridge is Glu-714, which is conserved in the
hybrid HPt kinases but whose side chain is directed
far from His-717. Any rotation around the side-chain
torsions of Glu-714 could not bring the side chain to a
position close enough to interact with the active histi-
dine. It may participate in interaction with the receiver
domain or the other part of ArcB, but we have no con-
vincing evidence as far as current analysis. These con-
figurations allow the side chain of the active histidine
to be exposed fully to the solvent region. An exposed
active histidine was also found in the histidine-con-
taining phosphocarrier protein, HPr, which is a central
Figure 3. Structure of the HPt Domain of ArcB component of the phosphoenolpyruvate-sugar phos-
Overall structure of the HPt domain of ArcB with ribbon representa- photransferase system, where a linear multistep phos-
tion of the main-chain folding. The side chain of the active His-717 phorelay occurs (Jia et al., 1993a). There is, however,
is drawn as a ball-and-stick model, together with those of Gln- no apparent structural and sequence similarity between
736, Gln-739, Glu-714, Lys-718, and Lys-720, at the active site.
the HPt domain and HPr protein that has the overallConserved residues, Asp-684 and Asp-708, are also shown. High-
structure of a classical open-faced b sandwich, with thelighted side-chainatoms are color-coded as follows: carbon, yellow;
active histidine residue located at the N-terminus of annitrogen, blue; oxygen, red. The Zn21 ion is represented by a gray
circle with its coordinated residues. a helix. Contrary to these fully exposed active histidines,
the phosphoaccepting histidine of enzyme IIIGlc, i.e., the
glucose-specific phosphocarrier protein also referred
that there is a general shape match between the round to as a IIA, is located in a central depression of the
surface of receiver domains and the concavity of the hydrophobic ring of the doughnut-shaped molecule that
kidney-shaped molecule of the HPt domain. forms a b sandwich (Worthylake et al., 1991). The ex-
posed active histidine of HPr protein would be effec-
Active Site on the Helices D and E tively accommodated by the hydrophobic doughnut of
The active residue His-717 is located on the surface of enzyme IIIGlc (Jia et al., 1993b). Similarly, the exposed
helix D, which lies in the internal curvature of the kidney- active histidine of the HPt domain would also be accom-
shaped molecule (Figure 3). His-717 is adjacent to Glu- modated easily by the active pocket of the receiver
714, Lys-718, and Lys-720 on the same helix, as well as domain.
to Gln-736 and Gln-739 of the C-terminus of helix E. The residues at the positions that correspond to Lys-
Among these residues, a hydrogen-bonding network is 718 and Lys-720 in the HPt domain of ArcB are almost
formed that involves the side chains of His-717, Gln- entirely restricted to basic residues in the hybrid HPt
739, Gln-736, and Lys-720. Alignment of the sequences kinases; for example, arginine and histidine as well as
of the C-terminal HPt domains of hybrid HPt kinases lysine residues. In the other HPt domains, one of these
revealed that helices D and E form the most sharply two residues is basic. These positively charged residues
conserved region of this domain (Figure 2). Similarly, this might contribute to neutralization of the negatively
region is also conserved in the potential HPt domains of charged phosphoryl group that is linked to the active
Ypd1p and RcaC and in the P1 domains of CheA and histidine. HPr proteins also have a conserved arginine,
FrzE, though the arrangements of domains in these sig- Arg-17, that is adjacent to the active His-15. A small
adjustment of the side chain of Arg-17 could allow it tonaling proteins display diversity.
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Figure 4. Helix Structure and Sequence Align-
ment of HPt Domains
Side-view of helix D of the HPt domain of
ArcB using a ball-and-stick model with the
2Fo-Fc electron density map. The imidazole
ring makes a hydrogen bond to a water mole-
cule (W).
form a similar interaction with the negatively charged tion described above suggest that all the HPt domains
share a common structural motif and active site.phosphoryl group linked to His-15 (Herzberg et al.,
1992). Furthermore, the phosphoaccepting histidine of Strongly conserved residues at positions H, I, G, and Q
(Figure 2) give a clue to identification of possible HPtenzyme IIIGlc, His-90, is adjacent to His-75 (Worthylake
et al., 1991). Another phosphohistidine protein, nucleo- domains. Nearly conserved residues at positions a
through x are also helpful, though residues at positionsside diphosphate kinase, has a globular a/b domain,
with the active histidine located at strand b4 in the active b and k seem to be characteristic for the hybrid HPt
kinases. Sequence comparison of the HPK domain ofcleft, where other basic residues also exist (Williams et
al., 1993). ArcB with the HPt domains shows less than 10% iden-
tity, the statistical significance of which is questionable.Hydrophobic residues nearly conserved in helices D
and E mostly appear to play a role in formation of a Furthermore, the residues at positions G and Q are re-
placed, though about 40% of the residues at positionshydrophobic core that allows association with the other
helices of the bundle. Among them, the residues at the a through x, H, I, G, and Q are conserved or nearly
conserved. As far as the current analysis extends, dis-position that corresponds to Ile-719 (Figure 2, position I)
are entirely restricted to hydrophobic residues, including cussion of the structural relationship between the HPt
and HPK domains must wait until we have the three-leucine and methionine in all the HPt domains. More-
over, small residues such as alanine, glycine, serine, dimensional structure of the HPK domain.
Together with the sensor kinase Sln1p and the re-and threonine are preferred at positions n and o. At the
linker between helixes D and E, hydrophobic residues sponse regulator Ssk1p, Ypd1p has been demonstrated
to play a key role in a linear four-step phosphorelayat positions p and r and glycine at position q are nearly
invariant. Partially overlapping this linker region, a re- (Posas et al., 1996) in the order of His-Asp-His-Asp (Fig-
ure 1, H1-D1-H2-D2), which might occur in signalingverse turn is formed by Gly-Ser-Val-Gly.
The conserved residue Asp-708 at the N-terminus of systems involving the hybrid HPt kinases and in the
RcaE-RcaC system. Available data on the BvgS-BvgAhelix D makes a hydrogen bond with the main-chain
amino group of Gly-711 to form the N-terminal cap of phosphorelay (Uhl and Miller, 1996) seem to be consis-
tent with the linear four-step phosphorelay, but thethe helix (Figure 3). Asp-684 located near the N-terminus
of helix C is nearly invariant. The side chain of Asp-684 is ArcB-ArcA phosphorelay exhibits H1 to D2, H2 to D2,
and H1 to H2 phosphotransfer (Tsuzuki et al., 1995).exposed to the solvent region, with buried hydrophobic
residues at positions b, d, and e as anchors. Since this The first known His-Asp-His-Asp phosphorelay is the
sporulation pathway that involves a chain of four differ-site is far from the active site, it seems unlikely that Asp-
684 participates in the phosphotransfer reaction. ent proteins, KinA, Spo0F, Spo0B, and Spo0A (Burbulys
et al., 1991). It should be noted that there is no mechanis-
tic necessity for linear rather than branched phos-HPt Domain Is a Building Block
in Multi-Step Phosphorelay phorelay. Hybrid kinases, such as theyeast Sln1p, which
contain an attached receiver domain (Figure 1) accountAlthough sequence comparison of the HPt domains
shows less than 20% sequence identity, conserved resi- for roughly 30% of the currently reported sensor kinases
in bacteria, and many of the eukaryotic sensor kinasesdues that could be important for the structure and func-
HPt Domain Structure in His-Asp Phosphorelay
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Figure 5. Comparison of HPt and P1 Do-
mains
Structural comparison of the HPt domain of
ArcB (right) and the P1 domain of CheA (left).
The main chain is drawn as a ribbon in red
for helices D and E of the HPt domain of ArcB
and the corresponding part of CheA. The side
chain of active His-717 of the HPt domain and
the location of the corresponding histidine in
the P1 domain are shown in green.
that have been identified so far are of this class. Some phosphate (Lukat et al., 1992). In this sense, the HPt
domain can serve as a substrate for such a phosphoryla-of these signaling pathways might have unidentified HPt
proteins corresponding to Ypd1p of yeast. tion reaction. Moreover, HPt domains have noautophos-
phorylation activity (Ishige et al., 1994; Tsuzuki et al.,
1995; Posas et al., 1996; Uhl and Miller, 1996). TheseStructural Comparison with the P1 Domain
properties seem to be consistent with the simple activeof CheA
site of HPt domains that lack a metal-binding site.It is of considerable interest that the pattern of sequence
similarity is also retained in the P1 domain of CheA and
FrzE.Recent NMR studies (Zhou et al.,1995) have shown Implications for Drug Design
that the P1 domain of CheA has a global fold of five a It is noteworthy that most of the hybrid HPt kinases
helices that includes an antiparallel four-helix bundle participate in signaling systems that are related to viru-
with the same topology as that in the HPt domain of lence (BvgS and EvgS) or pathogenecity (ApdA, LemA,
ArcB, with the active histidine exposed to the solvent. RepA, RpfC, and RteA). For example, it is well knownthat
Moreover, the active site formed by helices D and E of BvgS is thought to be the etiological agent of wooping
the HPt domain displays strong similarity to the corre- cough. Knowledge of the three-dimensional structures
sponding portion of CheA (Figure 5). Superposition of of the HPt domains of these sensor kinases is important
the active sites of the HPt and P1 domains yields rela- to the design of inhibitors that might possess antibacte-
tively small rms deviations (2.0 A˚ for Ca carbon atoms), rial activity and thus could be useful in both the treat-
but calculations of structure based on NMR data are ment of the virulence and/or pathogenecity.
still limited by low resolution. The P1 domain lacks the
N-terminal region that corresponds to the helices A and Experimental Procedures
B of the HPt domain.
Expression, Crystallization, and Data Collection
Construction of E. coli strain and plasmid pSU2DH used in this studyMetal Ion-Binding Site
was described previously (Nagase et al., 1992; Ishige et al., 1994).The Zn21 ions in the crystallization solution (Kato et al.,
The HPt domain of ArcB was expressed in E. coli K-12 strain DZ225,
1996) are located on the reverse side of the crystallized purified, and crystallized as described (Kato et al., 1996). The crys-
molecules, and each Zn21 ion coordinates to His-730, tals belong to space group P212121 with unit cell dimensions of a 5
Glu-756, Glu-760, and a symmetry-related Asp-748. It 30.56 A˚, b 5 34.93 A˚, and c 5 110.78 A˚, and they contain 1 molecule
per crystallographic asymmetric unit. The crystals diffract to at leastmay play a possible role in interaction with the other
2.0 A˚ resolution. Diffraction data were collected using an R-AXISpart of ArcB or the receiver domain of its response regu-
IIc imaging-plate area detector with CuKa X-rays generated by alator. A Zn21 ion-binding site was formed at the interface
RIGAKU RU-300H X-ray generator. Heavy atom derivatives were
between enzyme IIIGlc and glycerol kinase (Feese et al., obtained by soaking crystals for 1 week in a solution of 10 mM
1994). No experimental data, however, are available to HgCl2, for 3 hr in solutions of either 1 mM K2HgI4 and 1 mM KOsCl6,
date for the significance of the Zn21 ion-binding site of and for 2.5 hr in a solution of 0.5 mM Na2IrCl6.
the HPt domain. In addition to the HPt domain, no metal-
binding site was found at the active site of HPr proteins Data Processing and Phasing
The diffraction data obtained were processed with PROCESS (RI-or enzyme IIIGlc. By contrast, each of the receiver do-
GAKU) and analyzed using programs in the XtalView (McRee, 1993)mains has an active site that contains three aspartate
and CCP4 suites (Collaborative Computational Project No. 4 [1992],residues that coordinate to an Mg21 ion, resembling an
Daresbury Laboratory, Warrington, WA4 4AD, UK). Conventional
enzyme. It has been shown that CheY can phosphorylate multiple isomorphous replacement was used for phase determina-
itself, using even small phosphodonor molecules such tion. Phases to 2.5 A˚ were calculated with MLPHARE (Otwinowski,
1994) and improved by solvent flattening and histogram matchingas phosphoamidate, acetyl phosphate, or carbamoyl
Cell
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Table 1. Data Collection and Refinement Statistics
Diffraction Data (/ . 1s)
Reflections Completeness (%) Number Phasing Power Overall
Data Set Resolution (A˚) Measured/Unique Overall/Outer Shell Rsym Rderi of Sites Acentric/Centric RCullis Figure of Merit
Native 2.06 25,850/7,291 92/89 4.5 — — — — —
K2HgI4 2.50 9,638/3,925 88/84 10.5 22.2 1 1.99/2.05 0.48 —
HgCI2 2.06 22,716/7,331 94/90 4.1 11.4 2 0.80/0.59 0.82 —
KOsCI6 2.06 23,393/7,685 98/98 5.2 10.9 2 0.56/0.47 0.87 —
Na2IrCI6 2.07 21,428/7,265 94/89 4.7 11.9 2 0.63/0.47 0.87 —
0.51
Refinement statistics (10–2.06 A˚)
rms Deviations
Solvent Mean
Protein Atoms Zn21 Ion Molecules Rcryst/Rfree B factor Bonds Angles Dihedrals Impropers
Native 1,112 1 121 18.6/27.2 22.7 A˚2 0.010 A˚ 1.68 18.58 1.68
Rsym 5 S|/ 2 ,/.|/S/; Rderi 5 S||FPH| 2 |FP||/S|FP|; phasing power 5 rms heavy atom structure factor/residual lack of closure; RCullis 5 S||FPH 2
FP| 2 |FH(calc)||/S|FPH 2 FP|; Rcryst and Rfree 5 S||FO| 2 |FC||/S|FO|, where the free reflections (10% of the total used) were held aside for Rfree
throughout refinement; and the number of site of K2HgI4 is for HgI23 ion.
using DM (Cowtan and Main, 1996). At this stage, the total mean K., Gunsalus, R.P., and Dickerson, R.E. (1996). Structure of the Esch-
erichia coli response regulator NarL. Biochemistry 35, 11053–11061.figure of merit was 0.71. The final statistics of the structural determi-
nation are summarized in Table 1. Bellsolell, L., Prieto, J., Serrano, L., and Coll, M. (1994). Magnesium
binding to the bacterial chemotaxis protein CheY results in large
Model Building and Refinement conformational changes involving its functional surface. J. Mol. Biol.
An initial model was built into the electron density map using the 238, 489–495.
graphic program O (Jones et al., 1991). This model, containing the Brown, J.L., North, S., and Bussey, H. (1993). SKN1, a yeast
side chains of 82% of the residues, was refined by the method of multicopy suppressor of a mutation affecting cell wall b-glucan as-
simulated annealing using X-PLOR (Brunger et al., 1990) to an R sembly, encodes a product with domains homologous to prokary-
factor of 37%. The phases calculated from the partial model were otic two-component regulators and to heat shock transcription fac-
combined with the experimental phasesusing SIGMAA(Read, 1986), tors. J. Bacteriol. 175, 6908–6915.
and a new round of solvent flattening and histogram matching was
Brunger, A.T., Kuriyan, J., and Karplus, M. (1990). Slow-cooling pro-carried out and followed by simulated annealing refinement with
tocols for crystallographic refinement by simulated annealing. Actagradual extension of the resolution from 2.5 A˚ to 2.06 A˚. The final
Crystallogr. A46, 585–593.model included 117 residues out of 125, together with 1 Zn21 ion
Burbulys, D., Trach, K.A., and Hoch, J.A. (1991). Initiation of sporula-and 121 water molecules whose B factors were smaller than 50 A˚.
tion in B. subtillis is controlled by a multicomponent phosphorelay.Regions with weak electron density included sixN-terminal residues
Cell 64, 545–552.and two C-terminal residues, and these residues were not included
in the present model. The present structure consists of 117 residues Chang, C., Kwok, S.F., Bleecker, A.B., and Meyerowitz, E.M. (1993).
from Lys-660 to Thr-776. As defined in PROCHECK (Laskowski et Arabidopsis ethylene-response gene ETR1: similarity of product to
al., 1993), there were no residues in disallowed main-chain torsion two-component regulators. Science 262, 539–544.
angle regions. The coordinates will be deposited in the Protein Data Cowtan, K., and Main, P. (1996). Phase combination and cross vali-
Bank (Brookhaven, NY). Ribbon representation of the main-chain dation in iterated density-modification calculation. Acta Crystallogr.
folding of the molecule was drawn using the program Molscript D52, 43–48.
(Kraulis, 1991).
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